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Physiology and pharmacology of alcohol: the
imidazobenzodiazepine alcohol antagonist site on
subtypes of GABAA receptors as an opportunity for
drug development?
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Alcohol (ethanol, EtOH) has pleiotropic actions and induces a number of acute and long-term effects due to direct actions on
alcohol targets, and effects of alcohol metabolites and metabolism. Many detrimental health consequences are due to EtOH
metabolism and metabolites, in particular acetaldehyde, whose high reactivity leads to nonspecific chemical modifications of
proteins and nucleic acids. Like acetaldehyde, alcohol has been widely considered a nonspecific drug, despite rather persuasive
evidence implicating inhibitory GABAA receptors (GABAARs) in acute alcohol actions, for example, a GABAAR ligand, the
imidazobenzodiazepine Ro15-4513 antagonizes many low-to-moderate dose alcohol actions in mammals. It was therefore
rather surprising that abundant types of synaptic GABAARs are generally not responsive to relevant low concentrations of EtOH.
In contrast, d-subunit-containing GABAARs and extrasynaptic tonic GABA currents mediated by these receptors are sensitive to
alcohol concentrations that are reached in blood and tissues during low-to-moderate alcohol consumption. We recently
showed that low-dose alcohol enhancement on highly alcohol-sensitive GABAAR subtypes is antagonized by Ro15-4513 in an
apparently competitive manner, providing a molecular explanation for behavioural Ro15-4513 alcohol antagonism. The
identification of a Ro15-4513/EtOH binding site on unique GABAAR subtypes opens the possibility to characterize this alcohol
site(s) and screen for compounds that modulate the function of EtOH/Ro15-4513-sensitive GABAARs. The utility of such drugs
might range from novel alcohol antagonists that might be useful in the emergency room, to drugs for the treatment of
alcoholism, as well as alcohol-mimetic drugs to harness acute positive effects of alcohol.
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Introduction

Alcohol is by far the most frequently used and abused

addictive drug, and therefore a detailed understanding of

the molecular mechanisms of alcohol actions is important

to human health and well-being. The aim of this review is to

discuss our current view of the biochemical mechanisms by

which alcohol consumption influences mammalian physio-

logy. The widespread use of alcohol is likely due to its

anxiolytic, mood-enhancing and rewarding effects in mam-

malian brains. In addition, there are numerous studies

showing that regular low-to-moderate alcohol consumption

has significant beneficial effects, in particular on the

cardiovascular system (Friedman and Klatsky, 1993). In

contrast, alcohol abuse and alcoholism cause tremendous

human suffering with severe detrimental health effects such

as alcoholic liver and heart disease, increased risk for stroke,

chronic diarrhoea and alcohol dementia (Zernig et al., 2000;

Fleming et al., 2005). There is evidence that alcohol

metabolism, and in particular the metabolite acetaldehyde,

is an important mediator of acute and long-term alcohol

toxicity. We also discuss acute direct actions of alcohol on

the many putative ‘alcohol receptors’ in mammalian brains,
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with emphasis on highly alcohol-sensitive g-aminobutyric

acid (GABA)A receptor (GABAAR) subtypes at which low-to-

moderate dose alcohol enhancement can be reversed in

mammals with the benzodiazepine (BZ) behavioural alcohol

antagonist Ro15-4513. Our finding that the BZ Ro15-4513 is

a competitive alcohol antagonist and can be displaced by a

few other BZ-site ligands suggests that the alcohol site on

d-subunit-containing GABAARs is a binding pocket ‘homo-

logous’ to classical BZ sites. This enables us to leverage the

vast knowledge and the huge pharmacopeia of compounds

that has been developed for classical BZ sites to develop

alcohol/Ro15-4513 site ligands with alcohol antagonist

as well as alcohol-mimetic activity. This might lead to

novel anxiolytic, sedative/hypnotic drugs and to useful

novel alcohol antagonists, which have the potential to

reduce drinking in patients who suffer from alcohol abuse

and alcoholism.

Pleiotropic effects of alcohol

Alcohol in society has a long history (Vallee, 1998), and is,

besides caffeine and nicotine, by far the most widely used

and abused addictive drug, and it has a number of effects on

our body. In order of increasing dose (or number of drinks),

alcohol is anxiolytic, mood-enhancing and sedative, slows

reaction time, produces motor incoordination, and impairs

judgment (making it dangerous and illegal to drive a car).

At very high doses alcohol produces loss of consciousness

(that is, it acts as an anaesthetic). In addition, overindul-

gence frequently produces nausea and vomiting as early

symptoms of acute alcohol intoxication, and the next day

one wakes up with a hangover, characterized by headache

accompanied by thirst and general misery. Alcohol abuse is a

major public health problem, and leads to increased risk of

injury and death, as well as poor functioning in society

(family, work and law). Also, chronic alcohol abuse over

years and decades leads to liver damage (Lieber, 1988) and

heart disease (for example, alcoholic cardiomyopathy), and

causes a small, yet significant, increase in the risk for many

types of cancer (Room et al., 2005; Boffetta et al., 2006).

On the other hand, it has been noted as early as 1904 that

alcohol consumption is associated with positive effects on

the cardiovascular (Cabot, 1904) system. There is now almost

unanimous agreement (but see Fillmore et al., 2006) that

regular low-to-moderate alcohol consumption leads to

significant positive effects on health and longevity (Zakhari

and Gordis, 1999; Klatsky, 2003; Mukamal et al., 2003).

Regular low-to-moderate alcohol consumption (defined as

1–3 standard drinks a day) is associated with a decreased risk

for cardiovascular disease (that is, coronary heart disease and

ischaemic stroke). The so-called ‘French paradox’ posits that

regular alcohol consumption, with red wine possibly

particularly beneficial (Szmitko and Verma, 2005), compen-

sates for an otherwise unhealthy lifestyle with high fat

consumption and a high prevalence of smoking (Klatsky,

2003). However, beneficial EtOH effects at low-to-moderate

doses are eliminated already at only slightly higher intakes

(42–3 standard drinks a day). These detrimental alcohol

effects lead to a J-shaped dose–mortality curve, where initial

protective effects at low-to-moderate intake reverse into

negative effects with further increase in EtOH intake.

Because of this J-shaped dose–mortality curve and the risk

that encouraging alcohol consumption could lead to (or

might encourage continued) alcohol abuse, medical advice

from the American Heart Association at this time does not

generally recommend moderate alcohol consumption to

patients who currently do not drink (Klatsky, 2001). How-

ever, a personalized risk/benefit analysis might suggest that

persons at risk for atherosclerotic cardiovascular disease, but

with low risk for alcohol abuse and alcoholism, could draw

substantial health benefits from regular low-to-moderate

alcohol consumption.

Alcohol metabolism and acetaldehyde are
responsible for much of the short- and
long-term alcohol toxicity

Alcohol elimination is accomplished to a large extent in the

liver, through the oxidation of alcohol into acetaldehyde.

There are two main alcohol elimination pathways: (1) a

constitutively active aldehyde dehydrogenases (ADHes)

pathway (Figure 1a) and (2) an inducible alcohol elimination

pathway also called the microsomal ethanol-oxidizing

system (MEOS; Figure 1b). ADHes have a higher affinity for

alcohol (low Michaelis–Menten, Km) than the MEOS, and

therefore are responsible for much of the elimination at low

blood alcohol concentration, whereas the inducible MEOS
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Figure 1 Alcohol metabolism and alcohol metabolites are to a large
extent responsible for toxicity of alcohols (ethanol (EtOH), methanol
and ethylene glycol). (a) The constitutive alcohol dehydrogenase
(ADH) pathway produces acetaldehyde that is further metabolized
by aldehyde dehydrogenase (ALDH). Decreased ALDH activity in
individuals with low-activity version of ALDH, as well as block of
ALDH by drugs such as disulphiram is associated with acetaldehyde
accumulation and aversive reactions to EtOH ingestion. The
competitive blocker of the most abundant forms of ADH, fomepi-
zole, is now used (instead of EtOH) to aid in the management of
methanol and ethylene glycol poisoning by slowing the conversion
of methanol and ethylene glycol into their highly toxic metabolites.
(b) The inducible microsomal ethanol-oxidizing system (MEOS)
utilizes the cytochrome P450 system to convert EtOH into
acetaldehyde. After chronic alcohol consumption, the activity of
this system increases due to a rise in, especially, the CYP2E1 isoform,
of cytochrome P450. The upregulation of this system contributes to
alcohol tolerance, and it is likely that oxidative stress associated with
the activation of the MEOS makes an important contribution to
alcohol-induced liver damage.
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pathway becomes more important at high alcohol levels and

in regular alcohol consumers (Lieber, 1999). Acetaldehyde

produced by ADHes and the MEOS is further metabolized by

aldehyde dehydrogenases (ALDH) to acetate, which in turn is

used for fatty acid synthesis or burned in the citric acid cycle

for energy production (see Figure 1). Assuming a daily caloric

intake of about 2000 kcal and a caloric content of alcohol of

7.1 kcal g�1, moderate alcohol consumption of two daily

standard drinks (a standard drink is 14 g of EtOH), would

raise the total caloric intake by about 200 kcal or around 10%

(not including additional nutrients present in many alco-

holic beverages). Therefore, alcohol consumed in alcoholic

beverages makes a significant contribution, even at low-to-

moderate consumption levels, to our daily caloric food

intake. This led to the suggestion that alcohol consumption

might be a risk factor for weight gain and obesity. However,

the issue whether or not alcohol consumption is associated

with weight gain is still unanswered, and, in fact, epidemio-

logical studies suggested that in many cases alcohol

consumption is paradoxically associated with lower body

weight (Jequier, 1999; Suter, 2005).

The EtOH metabolite acetaldehyde mediates much of the

unpleasant ‘side effects’ and the hangover experienced after

excessive alcohol consumption. Acute acetaldehyde toxicity

is illustrated in individuals who carry an inactive form of the

ALDH2*2 (mitochondrial aldehyde dehydrogenase 2). The

ALDH2*2 polymorphism, a frequent allele in some East

Asian populations, is associated with the ‘flushing reaction’

immediately following alcohol intake. The ‘flushing reac-

tion’ is due to increased levels of acetaldehyde (Mizoi et al.,

1979; Thomasson et al., 1991, 1993) and individuals carrying

the inactive form of the aldehyde-degrading enzyme

(ALDH2*2) show a drastically reduced risk of alcoholism

(Crabb et al., 1993). The toxicity of acetaldehyde is ‘utilized’

by blockers of ALDH such as disulphiram (antabuse) and

leads to acetaldehyde accumulation (Lipsky et al., 2001;

Ramchandani et al., 2001) (Figure 1). An increased acetalde-

hyde concentration in aldehyde dehydrogenase-deficient

individuals as well in alcoholic patients treated with

disulphiram, causes facial flushing, tachycardia, palpitations,

dizziness, nausea, vomiting and headache, and can even lead

to death by acetaldehyde poisoning if heavy drinking is

continued.

It seems likely that short- and long-term toxicity asso-

ciated with chronic alcohol use and abuse are caused to a

large extent by acetaldehyde, oxidative stress (particularly

via MEOS) and NADH2 (nicotinamide adenine dinucleotide

(reduced form)) production that are related to alcohol and

acetaldehyde metabolism (Lieber, 2005). The increased risk

for cancer is probably at least in part a consequence of

nucleic acid modifications by the alcohol metabolite

acetaldehyde (Brooks and Theruvathu, 2005). In addition,

alcoholic cardiomyopathy and liver damage are likely

primarily caused by the EtOH metabolite acetaldehyde, and

the oxidative stress and NAD depletion associated with

alcohol metabolism (Zhang et al., 2004). Acetaldehyde can

react nonspecifically with proteins and DNA, and it seems,

therefore, likely that acute as well as chronic acetaldehyde

toxicity is due to a summation of effects on numerous

targets.

Alcohol dehydrogenases have a fairly broad substrate

specificity and convert, besides EtOH, otherwise relatively

benign alcohols such as methanol and ethylene glycol into

dangerous toxicants. In the absence of ADHs, methanol and

ethylene glycol are merely inebriating, and their toxicity is

almost exclusively due to their catabolites: formaldehyde

and formic acid in the case of methanol, and glycolate and

oxalate in the case of ethylene glycol. In the past, EtOH

administration was the logical choice in cases of methanol

and ethylene glycol poisoning, as EtOH is the preferred

(competitive) substrate for ADH. Moreover, it works because

at blood levels of X20 mM EtOH blocks the metabolism

of ethylene glycol and methanol in their usual overdose

concentrations (Casavant, 2001). However, EtOH as an

antidote has disadvantages: besides its own toxicity at these

inebriating levels, its narrow therapeutic range combined

with varying oral absorption and elimination rates necessi-

tates frequent monitoring of blood alcohol levels (Casavant,

2001; Mycyk and Leikin, 2003). In recent years, the

competitive ADH blocker fomepizole (4-methylpyrazole or

4-MP, Antizol, see Figure 1a) has been approved by the US

Food and Drug Administration and is now used to aid in the

management of suspected ethylene glycol and methanol

poisonings (Mycyk and Leikin, 2003).

EtOH/Ro15-4513-sensitive GABAA receptor
subtypes mediate important aspects of
acute alcohol actions

Unlike acetaldehyde, EtOH is chemically rather inert under

physiological conditions. However, the high alcohol

concentrations needed for physiological effects (X3 mM),

combined with the difficulties identifying targets that

respond to relevant inebriating EtOH concentrations, has

led to the view that EtOH must be a nonspecific drug, and

that the intoxicating actions of alcohol are simply due to a

summation of effects on numerous molecular targets

(Eckardt et al., 1998). This view is contrasted by reports that

one of the major effects of alcohol is because of enhancing the

function of GABAARs, the major inhibitory neurotransmitter

receptors in mammalian brain (Nestoros, 1980; Liljequist

and Engel, 1982, 1984; Engblom et al., 1991; Korpi, 1994;

Grobin et al., 1998). Particularly interesting is that a GABAAR

ligand, the imidazobenzodiazepine Ro15-4513, originally

reported as an alcohol antagonist by scientists at Hoffman-

La Roche, Basel, Switzerland (Bonetti et al., 1985), antag-

onized behavioural alcohol action (Suzdak et al., 1986a;

Lister and Nutt, 1987), as well as EtOH-induced Cl� flux

enhancement (Kolata, 1986; Suzdak et al., 1986a, b). The

acute intoxicating effects of alcohol at a highly inebriating

EtOH dose of 2 g kg�1 are essentially completely reversed by

3 mg kg�1 Ro15-4513, a dose that has little or no effect on the

behaviour of these animals by itself (see Figure 2c) (Suzdak

et al., 1986a). Evidence like this, that EtOH affects GABAARs,

was so convincing that many authors of textbooks in

pharmacology listed alcohol as a drug that enhanced

GABAARs, despite conflicting observations that in many

neurons, synaptic GABAARs were enhanced by EtOH only at

very high concentrations (White et al., 1990; Weiner et al.,
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1997). At least part of the solution is that low doses of EtOH

might be rather specific for extrasynaptic GABAAR subtypes

that mediate a nonsynaptic form of ‘background’ inhibition

in neurons (Richerson and Wu, 2003; Farrant and Nusser,

2005). Such uniquely alcohol-sensitive receptor subtypes,

including extrasynaptic d-subunit-containing GABAARs

subtypes, have been reported in recombinant expression using

a4bd receptors (Sundstrom-Poromaa et al., 2002; Wallner

et al., 2003, 2006b; Hanchar et al., 2004, 2005). While we

now have routinely expressed highly alcohol-sensitive

d-subunit-containing receptors in recombinant systems for

more than 5 years, negative results published by others

(Borghese et al., 2006) have led to controversy. It is difficult

to troubleshoot experiments of others; however, the possible

reasons why it is difficult to express highly alcohol-sensitive

receptors are the low GABA efficacy of these types of

receptors that leads to rather low current levels (Bianchi

and Macdonald, 2003; Wallner et al., 2003). Furthermore, the

a4-subunit, which together with the cerebellar a6-subunit

is the main subunit found assembled with the d-subunit

in mammalian brain, has been notoriously difficult to express

in recombinant systems, presumably because the a4-subunit

mRNA contains inhibitory sequences in the 50 untranslated

region that leads to low levels of functional expression

(M Wallner, unpublished). In addition, the reconstitution of

d-subunit-containing receptors is challenging, because of the

propensity of recombinant expression systems to produce

alcohol-insensitive functional GABAARs formed by a- and

b-subunits alone, without the incorporation of d-, g2- or

e-subunits, even if the nucleic acids that code for these

subunits are coinjected or cotransfected (Boileau et al., 2002).

Making matters worse, receptors formed by a- and b-subunits

alone superficially resemble, in many of their functional

properties, d-subunit-containing receptors, although a closer

inspection shows that apart from alcohol sensitivity, a4b3

and a4b3d receptors can be distinguished by differential

sensitivity to GABA, b-carboline-3-carboxylate ethyl ester

(b-CCE) and Zn2þ . The function of d-subunit-containing

receptors is enhanced by the b-carboline, b-CCE (Adkins

et al., 2001; Wallner et al., 2006b), d-subunit-containing

GABA receptors are more sensitive to GABA than those

formed by a- and b-subunits alone, and ab-receptors show

substantial block by 1mM Zn2þ , whereas receptors with

d-subunits are insensitive to blockade by 1mM Zn2þ . Readers

interested in further detail can consult a special issue

available in the journal Alcohol (Mody et al., 2007; Olsen

et al., 2007; Santhakumar et al., 2007).

Although technical difficulties with the expression of

d-subunit-containing receptors have led to controversy, there

is now essentially a consensus that sustained/tonic GABA

currents in neurons that are mediated by d-subunit-containing

GABAARs show the same low alcohol sensitivity as

recombinant ab3d receptors (Wei et al., 2004; Hanchar

et al., 2005; Liang et al., 2006; Fleming et al., 2007; Glykys

et al., 2007b; Mody et al., 2007; Santhakumar et al., 2007).

The notion that unique types of extrasynaptic GABAARs are

low-to-moderate dose alcohol targets also explains and is

consistent with many previous reports that implicated

GABAARs in mediating low-dose alcohol actions, including

reports that alcohol enhancement in some neurons is

reversed by Ro15-4513 (Reynolds et al., 1992). In particular

under conditions of low [GABA] that would lead to a

preferential activation of these highly GABA-sensitive extra-

synaptic receptors, low-dose EtOH effects were reported (for

reviews see Aguayo et al., 2002 and Wallner et al., 2006a).

About 20 years ago, the debate was whether the negative

modulation of certain types of classical GABAARs by Ro15-

4513 (also known as partial inverse agonist activity) could

be responsible for alcohol antagonistic actions of Ro15-4513

(Lister and Nutt, 1988), in a manner similar to actions of

general GABAAR blockers such as bicuculline and picrotoxin,

which block actions of GABAAR agonists, including alcohol

(Liljequist and Engel, 1982). However, the finding that Ro15-

4513, at alcohol antagonistic concentrations, is specific for

EtOH (that is, Ro15-4513 does not reverse barbiturate actions

at the same doses that reverse EtOH actions), and that other,

even more efficacious inverse agonists, are not alcohol

antagonists argued against the notion that negative modula-

tion (partial inverse agonist actions) of GABAARs by Ro15-

4513 is responsible for the behavioural alcohol antagonism

(Suzdak et al., 1988). In full support for such specific Ro15-

4513 alcohol antagonist actions on GABAAR subtypes, we

have recently shown that 100 nM Ro15-4513 antagonizes

3–30 mM alcohol enhancement on recombinant ab3d
GABAARs (Wallner et al., 2006b) (see Figures 2a and b) and also

reverses the alcohol enhancement of tonic GABA currents in

the cerebellum (Santhakumar et al., 2007). In addition, we

showed that [3H]Ro15-4513 binds to a4/6b3d receptors and is

displaced, in a competitive manner, not only by alcohol, but

also by other selected BZ-site ligands (flumazenil, also known

as Ro15-1788, and b-CCE) (Hanchar et al., 2006). Tellingly,

flumazenil (the clinically used BZ antagonist) and b-CCE (an

inverse agonist on classical BZ receptors without alcohol

antagonist actions) both have been shown to antagonize

alcohol antagonist actions of Ro15-4513 in vivo and in vitro

(Suzdak et al., 1986b; Paul, 2006; Wallner et al., 2006b).

Although the presence of a unique Ro15-4513/flumazenil/

b-CCE/EtOH-binding site on d-subunit-containing receptors

was rather surprising, it is in agreement with an early study

that showed that [3H]flumazenil bound with high affinity

to immunopurified d-subunit-containing receptors (Benke

et al., 1991). However, these detailed positive findings by

Benke and Möhler were challenged and it was proposed that

[3H]flumazenil and [3H]Ro15-4513 binding in immunopre-

cipitated d-subunit-containing receptors might be explained

by contamination with g-subunit-containing receptors

(Araujo et al., 1998). A g-subunit in GABAARs is required

for high-affinity binding of, and modulation by, classical

BZ-site agonists such as diazepam (Pritchett et al., 1989), and

this led to the dogma that d-subunit-containing receptors

cannot have high-affinity binding sites for BZ-site ligands.

However, given the large number of GABAAR isoforms with

BZ-ligand-binding sites formed by ‘homologous’ binding

pockets at subunit interfaces (that are also ‘homologous’ to

the GABA-binding site), it may not be surprising that some

BZ-site ligands also bind with high affinity and exert efficacy

at sites other than the classical BZ sites at the aþ /g�-subunit

interfaces in GABAAR pentamers.

The identification of an alcohol/BZ site on d-subunit-

containing receptors also provides an explanation for the
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initially quite puzzling finding that a BZ-site mutation in the

cerebellar a6-subunit (a6R100Q) leads to alcohol hyper-

sensitivity of recombinant a6b3d-receptors, to increased

EtOH sensitivity of tonic cerebellar granule cell GABA

currents in slices and to increased alcohol-induced motor

impairment (Hanchar et al., 2005). The a6R100Q phenotype,

combined with the finding that the a6100Q is a frequent

allele in rats, now explains why the a6100Q allele has been

enriched in three independent breeding studies that selected

rats for behavioural alcohol hypersensitivity (Uusi-Oukari

and Korpi, 1991; Farrant and Cull-Candy, 1993; Carr et al.,

2003; Sanna et al., 2003). Note that the hypothesis by Dr

Valenzuela and colleagues is that in cerebellar granule cells,

which express a6-, b3- and d-subunit proteins at high levels

(Pirker et al., 2000) and show a6bd-receptor-mediated highly

alcohol-sensitive tonic currents, the increase in tonic current

seen with low dose of EtOH is entirely due to increased

extracellular GABA that may result from increased spillover,

due to increased firing of GABAergic synapses (Carta et al.,

2004). In support of this tipsy terminal hypothesis, and in

contrast to published data (Hanchar et al., 2005), in their

hands EtOH sensitivity of tonic current is not significantly

different in animals that are homozygous for the a6R100Q

allele (Botta et al., 2007). Readers interested in further details

are referred to a rebuttal (Otis, 2008). Increases in firing

frequency of GABAergic inputs with low EtOH concentra-

tions are unique for cerebellar granule cells, where tonic

GABA currents are mediated by a6bd-receptors rather than

the more prevalent and closely related a4bd GABAAR

subtypes which are more prevalent. No increase in GABA

release (firing frequency) are observed that may explain the

EtOH sensitivity of tonic GABA currents mediated by a4bd-

receptors in dentate gyrus granule cells (Wei et al., 2003;

Liang et al., 2006; Fleming et al., 2007), or in hippocampal

interneurons, where EtOH-sensitive tonic currents are

mediated by a1bd-receptors (Glykys et al., 2007b).

Alcohol actions that are not sensitive to reversal
by Ro15-4513

There is essentially a consensus that Ro15-4513 reverses most

of the obvious signs of alcohol intoxication (see Figure 2c) at

low-to-moderate alcohol doses that correspond to blood

EtOH level of p30 mM (about twice the US legal driving limit

of 17 mM). However, Ro15-4513 becomes much less effective

at very high EtOH doses, and even at low doses there are

EtOH effects that are insensitive to Ro15-4513 reversal. It was

shown that the reversal of hypnotic alcohol and motor-

impairing behavioural alcohol effects by Ro15-4513 was not

accompanied by reversal of hypothermic alcohol effects

(Hoffman et al., 1987; Syapin et al., 1987). This is consistent

with earlier studies that concluded that motor impairment,

narcosis and hypothermia are mediated by genetically

distinct mechanisms (Eriksson and Sarviharju, 1984), and

that EtOH-induced motor incoordination, but not hypo-

thermia, is GABA mediated (Dar and Wooles, 1985).

Inwardly rectifying G protein-gated Kþ channels are

appealing candidates for mediating hypothermic alcohol

actions (Kobayashi et al., 1999), and inwardly rectifying

Figure 2 The alcohol antagonist Ro15-4513 (ethyl 8-azido-5,
6-dihydro-5-methyl-6-oxo-4H-imidazol(1,5-a)benzodiazepine-3-carbo-
xylate) blocks alcohol actions in vitro on a4b3d GABAA receptors
(GABAARs) expressed in Xenopus oocytes and in vivo. (a) Ethanol
(EtOH) from 3 to 300 mm leads to a dose-dependent increase in
a4b3N265Md currents evoked by application of 300 nM GABA (tonic
current mimicking mode) that is blocked by 300 nM Ro15-4513. The
b3N265M mutation eliminates EtOH actions at concentrations
X100 mM that are not blocked by Ro15-4513. (b) In contrast to
a4b3d receptors, receptors containing the mutated b3N265M
subunit show EtOH saturation at B100 mM. The EtOH EC50 in
a4b3N265Md GABAAR is 16 mM, close to the legal US driving limit of
17.4 mM. Receptors in which the d-subunit is replaced with the
g2-subunit are sensitive only to concentrations X100 mM (a lethal
concentration for most humans). The experiments were performed
with coapplication of GABA (300 nM for a4bd-receptors and 30 mM

for a4b3g2) with the indicated concentrations of EtOH (for original
publication see Wallner et al., 2006b). (c) Experiment to confirm and
illustrate the reported reversal of user-rated intoxication by Ro15-
4513 in Suzdak et al. (1986b). This picture shows four adult female
rats 20 min after i.p. injection of 2 g kg�1 EtOH, with or without
3 mg kg�1 Ro15-4513. Two rats (middle) that received 2 g kg�1

EtOH alone are severely impaired and lay flat on their bellies,
whereas two animals that received 3 mg kg�1 Ro15-4513 in addition
to 2 g kg�1 EtOH show essentially no signs of visible intoxication (left
and right).
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G protein-gated Kþ channels also might contribute to

analgesic EtOH actions (Ikeda et al., 2002; Blednov et al.,

2003). In addition, sedative/hypnotic alcohol effects at doses

higher than 2 g kg�1 i.p. in rats (equivalent to X30 mM blood

EtOH concentration) are not completely reversed by Ro15-

4513, and this is in line with reports that Ro15-4513 cannot

prevent lethality at massive alcohol doses (Nutt et al., 1988).

A large number of potential alcohol targets have been

identified in in vitro studies that show EtOH modulation,

usually at concentrations 420 mM, and these are candidates

for mediating Ro15-4513-insensitive EtOH actions. These

targets include (among many others) NMDA-type glutamate

receptors (Danysz et al., 1992), glycine receptors (Aguayo and

Pancetti, 1994; Davies et al., 2004), effects mediated by

alcohol modulation of neurosteroid synthesis (Morrow et al.,

2001) and effects on the adenosine system (Mailliard

and Diamond, 2004). In addition, many voltage-

dependent ion channels such as Ca2þ -activated Kþ channels

(Feinberg-Zadek and Treistman, 2007), Ca2þ channels

(Messing et al., 1986) and Naþ channels (Klein et al., 2007)

have been shown to be influenced by alcohol at (usually)

rather high concentrations.

In addition, most GABAAR subtypes are enhanced by high

EtOH concentrations (450 mM), and mutations in a trans-

membrane ‘site’ in a- or b-subunits (for example, bN265M)

dramatically reduces sensitivity to 4100 mM EtOH in

GABAAR subtypes (Mihic et al., 1997). In fact, we showed

that highly alcohol-sensitive ab3d GABAAR subtypes have

two distinct alcohol sites: (1) a ‘high-affinity site’ that is

sensitive to Ro15-4513 reversal and (2) a ‘low-affinity site’

that is eliminated by the b3N265M mutation, located in the

pore-forming transmembrane segment M2 (see Figures 2a

and b). Mutations at certain positions in proposed trans-

membrane segments of certain subunits (for example,

bN265M) in GABAARs not only drastically reduce X100 mM

EtOH sensitivity, but also the sensitivity to the anaesthetics

etomidate, propofol and pentobarbital (Benson et al., 1998),

suggesting a common mechanism of (anaesthetic) action at

high EtOH doses. Mice with the knock-in point mutation in

the b3-subunit (b3N265M) lose the immobilizing effects

of etomidate and propofol in vivo (Jurd et al., 2003; Zeller

et al., 2007), demonstrating that the b3-subunit-containing

receptors are important for mediating the anaesthetic effects

of etomidate and propofol (Grasshoff et al., 2006). It was,

therefore, surprising to learn that b3N265M mice show little

changes in sensitivity to high alcohol doses, which suggests

that the ‘transmembrane’ alcohol site in b3-subunits might

contribute little, if at all, to acute (Ro15-4513 insensitive)

EtOH actions (Sanchis-Segura et al., 2007). A possibility that

should be tested in b2N265M knock-in mice is that b2- and/

or b1-subunit-containing GABAARs are more important than

those containing the b3-subunit for Ro15-4513-insensitive

high-dose EtOH actions mediated by ‘transmembrane/

anaesthetic’ EtOH sites in GABAARs.

In addition to these potential direct alcohol targets

described above, a number of receptors might indirectly

modulate acute alcohol actions; this could, for example,

include mechanisms that lead to acute alcohol tolerance.

Receptors that might not by themselves be alcohol targets,

include, among others, metabotropic adenosine (Dar, 1993),

GABAB (Wan et al., 1996) and metabotropic glutamate

receptors (Besheer et al., 2006), as well as ionotropic

nicotinic acetylcholine receptors (Steensland et al., 2007).

Furthermore, consistent with the notion that many acute

alcohol actions are mediated by (extrasynaptic) GABA

receptors, systems responsible to maintain and regulate the

extracellular [GABA] (Richerson and Wu, 2003; Wu et al.,

2006; Glykys and Mody, 2007a) might be expected to modify

behavioural EtOH actions. For example, GABA transaminase

inhibitors such as amino-oxyacetic acid and vigabatrin

lead to increased alcohol sensitivity (Frye and Breese, 1982;

Dar and Wooles, 1985), likely because they cause increased

extracellular [GABA] resulting in increased tonic GABA

currents (Overstreet and Westbrook, 2001; Wu et al., 2003,

2007). In addition, changes in the activity of GABA

transporters, either in knockouts or during blockade by

GABA transporter modulators such as tiagabine, lead to

changes in alcohol sensitivity (Cai et al., 2006), although the

effects are complex, in part, due to expected compensatory

changes that occur in global knockout animals and under

long-term drug treatment. Further, the proposed role of

GABA transporters to regulate extrasynaptic [GABA] by both

forward and reverse GABA transport in a dynamic equili-

brium (Gaspary et al., 1998; Richerson and Wu, 2003) could

be another reason that effects of GABAAR-specific drug

actions after interventions in GABA transporter activity are

difficult to interpret (Fehr et al., 2007).

Consistent with the notion that extrasynaptic [GABA] and

extrasynaptic GABAARs are important mediators of EtOH

effects, extrasynaptic [GABA] is reduced in alcohol-treated

animals (Leitch et al., 1977), and acute EtOH administration

causes a rapid internalization of d-subunits (Liang et al.,

2007). Both reduced extrasynaptic [GABA] and downregula-

tion of d-subunit-containing receptors likely contribute to

alcohol tolerance and crosstolerance to GABAAR-specific

agonists as well as the hyperexcitability seen after alcohol

withdrawal (Cagetti et al., 2003; Olsen et al., 2005).

In summary, while there is converging evidence that

EtOH/Ro15-4513-sensitive GABAARs are important alcohol

targets at low and moderate alcohol concentrations, effects

such as EtOH-induced hypothermia and possibly analgesia

are apparently not, or only partly, mediated by EtOH/Ro15-

4513-sensitive alcohol sites. Also, at alcohol concentrations

430 mM, Ro15-4513-insensitive alcohol targets (or non-

specific effects) are important contributors to sedative/

hypnotic/anaesthetic and lethal acute EtOH actions,

although the exact contributions of the many possible

molecular targets for in vivo high-dose alcohol actions

remains to be clarified.

Ro15-4513/EtOH sites as potential drug targets:
alcohol antagonists

The behavioural alcohol antagonist Ro15-4513 is effective in

many mammals and the high sequence conservation of

mammalian GABAAR orthologues makes it reasonable to

assume that the Ro15-4513/EtOH sites are also conserved in

humans. Consistent with this notion, we have confirmed

that indeed recombinant human a4b3d-receptors expressed
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in human embryonic kidney cells are highly sensitive to

EtOH, and that 30 mM EtOH actions are selectively reversed

with 100 nM Ro15-4513 in a flumazenil-sensitive manner

(P Meera et al., unpublished). Given that other BZ-site ligands

such as flumazenil and b-CCE also show high affinity for the

EtOH/Ro15-4513 site and have been shown to reverse alcohol

antagonism of Ro15-4513 (without acting as alcohol antago-

nists by themselves), it seems likely that behavioural alcohol

antagonist actions of Ro15-4513 are mediated exclusively

by BZ sites in GABAARs. However, given the large number

of GABAAR subunits with the potential to form a large number

of GABAARs isoforms present in mammalian brain, we do not

know whether d-subunit-containing receptors are the only

types of GABAARs that mediate EtOH effects that are reversed

by Ro15-4513. In fact, the observation that d-subunit knock-

out animals show reduced alcohol sensitivity for some, but

not all low-dose EtOH effects (Mihalek et al., 2001) suggests

that, as is frequently the case, there might be compensatory

changes in global knockouts or that d-subunit-containing

GABAARs may not be the only EtOH/Ro15-4513-sensitive

GABAAR subtypes present in mammalian brain, or both.

Additional, yet to be discovered, EtOH/Ro15-4513-sensitive

GABAAR subtypes might provide an opportunity to target

drugs to specific alcohol receptor subtypes.

Unfortunately, Ro15-4513 is not useful in humans because

of its short half-life of only about 30 min and the partial

inverse agonist activity at higher doses, which leads to

tremor in monkeys (Miczek and Weerts, 1987). The observa-

tion that the imidazobenzodiazepines RY080, RY023 and

RY024, initially developed as a5-specific partial inverse

agonists (Lui et al., 1996; Skolnick et al., 1997), reverse

behavioural alcohol actions in vivo in a similar way as Ro15-

4513, led to speculations that inverse agonist actions on

a5-subunit-containing receptors lead to alcohol antagonism

(McKay et al., 2004; Cook et al., 2005). A comparison of the

chemical structures of RY080, RY023 and RY024 reveals

that these compounds are very close structural analogues of

Ro15-4513 (see Figure 3 for a structural comparison). All four

alcohol antagonist compounds have large bulky side chains

on the C7 position of the BZ ring that we propose would

occupy the alcohol-binding site and competitively displace

alcohol from its ‘high-affinity’ binding site on ab3d-recep-

tors. Our observation that these compounds displace

Ro15-4513 from a4b3d receptors (Hanchar et al., 2006),

suggest that the high affinity of Ro15-4513, and its close

structural analogues (RY080, RY023 and RY024), to classical

BZ sites located at the a5g-subunit interface in a5-subunit-

containing receptors (and the partial inverse agonist efficacy

at a5-receptors) is possibly a coincidence and unrelated to

their actions as alcohol antagonists. This is consistent with

the observation that relatively high doses of these imidazo-

benzodiazepine drugs are needed for behavioural alcohol

antagonism, and with a recent report that the a5-specific

inverse agonist a5IA is not a general alcohol antagonist such

as Ro15-4513 (Nutt et al., 2007). However, Ro15-4513 and

the structural analogues RY080, RY023 and RY024 are weak

partial inverse agonists on abundant g-subunit-containing

GABAAR subtypes, and it remains to be determined if, and

how much, negative GABAAR modulation contributes to

alcohol antagonism.

Ro15-4513 eliminates alcohol preference and alcohol self-

administration in rats (Samson et al., 1989; June et al., 1994),

suggesting the involvement of EtOH/Ro15-4513-sensitive

GABAARs in mediating the hedonic, and possibly addictive

alcohol actions. Therefore, novel alcohol antagonists could

hold great promise for the treatment of alcohol abuse and

alcoholism. In addition, given the high incidence of alcohol

intoxication in emergency rooms, a combined alcohol/BZ

antagonist with longer half-life might be useful, despite the

expected limitations of such novel potential alcohol anta-

gonists active on the EtOH/Ro15-4513 receptors in reversing

very high-dose alcohol intoxication. In addition, alcohol

antagonists with longer half-life and without inverse agonist

side effects seen with Ro15-4513 and related compounds

could be tremendously useful for future alcohol research,

for example, to distinguish alcohol effects on Ro15-4513-

insensitive from those on Ro15-4513-sensitive alcohol

targets. This might help, for example, to find the molecular

-CH2-CH3RY080

-C(CH3)3-C≡CH

-C≡CH

RY024

-CH2-CH3-C≡C-Si(CH3)3RY023

-CH2-CH3-FRo15-1788
(flumazenil)

-CH2-CH3-N3Ro15-4513

R2R1Compound

Figure 3 Structures of the reported alcohol antagonists Ro15-4513
(ethyl 8-azido-5,6-dihydro-5-methyl-6-oxo-4H-imidazol(1,5-a)ben-
zodiazepine-3-carboxylate), RY024, RY023 and RY080, and that of
Ro15-1788 (ethyl 8-fluoro-5,6-dihydro-5-methyl-6-oxo-4H-imida-
zol(1,5-a)benzodiazepine-3-carboxylate; flumazenil). Flumazenil is
not an alcohol antagonist but antagonizes the alcohol antagonist
activity of Ro15-4513 in behavioural (and in vitro) assays. Because
the only difference between flumazenil and Ro15-4513 is the
identity of the R1 moiety, we propose a model where the R1 moiety
at position 8 of the imidazobenzodiazepine ring of Ro15-4513 as
well as RY023, RY024 and RY080 occupies the alcohol-binding
pocket and therefore blocks in a competitive manner alcohol actions
on a4/6b3d-receptors. We suggest that fluorine in flumazenil is small
enough so that it can fit together with ethanol (EtOH) into a side-by-
side binding pocket. Note that the compounds listed are the only
‘partial inverse agonists’ reported to show alcohol antagonism. In
fact, the rather efficacious partial inverse agonist b-carboline-3-
carboxylate ethyl ester (b-CCE; a b-carboline) has been shown to
block the alcohol antagonist activity of the Ro15-4513, and displaces
[3H]Ro15-4513 from recombinant a4b3d-receptors (Hanchar et al.,
2006). Also, note that position 8 of the imidazobenzodiazepine ring
is equivalent to position 7 in the benzodiazepine (BZ) ring, a position
found to be close to an amino-acid residue (a1-101R and a6-100Q)
critical for BZ as well as EtOH sensitivity of GABAAR subtypes.
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targets and mechanism that mediate the beneficial effects of

long-term low-to-moderate alcohol consumption discussed

above, research that could have tremendous consequences

for public health.

Whether alcohol antagonist drugs should be made

publicly available, for example, to allow people to drive

home safely after an evening of indulging, not only will

depend on their efficacy and safety, but also on legislation

that would redefine legal alcohol intoxication by criteria

other than blood alcohol levels.

Ro15-4513/EtOH sites as potential drug targets:
alcohol mimetics (Synthehol)

In humans, alcohol ‘self-administration’ rarely leads to blood

alcohol levels that exceed levels where alcohol antagonists

such as Ro15-4513 would be effective in reversing the motor-

in-coordinating, sedative, anxiolytic and rewarding effects

(about 30 mM blood alcohol concentrations or about twice

the US legal driving limit, see Figure 2c). Conversely, one

might expect that a drug that binds with high affinity and

specificity to the EtOH/Ro15-4513 site, and possesses alcohol-

like efficacy might be rather effective in mimicking effects of

acute alcohol effects seen at low-to-moderate EtOH doses.

Such an alcohol-mimetic drug would not only be without the

aversive and toxic effects of the alcohol metabolite acetalde-

hyde and alcohol metabolism, but as a drug taken in

milligram quantities, would also lack the caloric ‘value’ of

alcohol consumption. In addition, it seems likely that such

alcohol mimetics as BZ-site allosteric-positive modulators

could be safer than alcohol itself, because lethal toxicity that

appears associated with Ro15-4513-insensitive alcohol actions

might be missing. Furthermore, in a similar way as flumazenil

is reported to reverse the alcohol antagonism of Ro15-4513,

flumazenil (FDA approved and available in the clinic) would

displace such novel alcohol mimetics from their site of action,

and thereby pharmacologically reverse their actions. In some

ways, synthetic alcohol mimetics might therefore be expected

to resemble the fictional alcohol substitute ‘Synthehol’ of the

TV series Star Trek; Synthehol intoxication is said to lack

hangovers and is readily reversible. Speculations about such

synthetic alcohol mimetics have been made recently, with

some emphasis on the notion that inverse agonism on the a5-

subunit-containing GABAARs and inverse agonist activity on

these receptor subtypes are responsible for alcohol antagon-

ism by the imidazobenzodiazepines Ro15-4513 (Nutt, 2006).

However, as discussed above, the relatively high doses of

Ro15-4513, as well as the specific alcohol antagonism that

involves a competitive mechanism on GABAAR subtypes,

argues against the notion that alcohol antagonism is due to

specific inverse agonist actions on high-affinity (Kdo1 nM) a5-

subunit-containing receptors, but agrees with the previous

conclusion that Ro15-4513 specifically reverses important

alcohol actions (Suzdak et al., 1988).

An important question is how addictive synthetic alcohol

mimetics might be, considering that they might activate the

reward pathway in a similar way as alcohol, but without the

‘aversion break’ that is associated with acetaldehyde forma-

tion. Against the notion that such drugs would be highly

addictive, one could posit that the majority of individuals

who consume alcohol do not show physical dependence

and/or become addicted. However, the addictive potential of

such alcohol-mimetic drugs is certainly an issue that would

benefit from further insights into receptor subtypes and

neuronal pathways that mediate rewarding alcohol actions.

Pharmacological research has long focused on finding

specific BZ-site ligands that might only bind to and show

agonist efficacy on certain subtypes of classical BZ receptors.

In particular, there is hope to find selective anxiolytic drugs,

possibly specific for a2g2-subunit-containing GABAARs

(Low et al., 2000). As mentioned above, there is evidence that

d-subunit-containing receptors might only be a subfraction

of highly alcohol/Ro15-4513-sensitive receptors. While

this incomplete knowledge of EtOH/Ro15-4513-sensitive

GABAARs may currently limit our understanding of

in vivo alcohol actions on these receptors, it provides hope

that in the future we might be able to target alcohol-mimetic

compounds to specific EtOH/Ro15-4513-sensitive receptor

subtypes. This might allow to specifically mimic, for

example, anxiolytic, sedative mood-elevating and anti-

convulsive alcohol actions while hopefully being able to

avoid addictive and motor-in-coordinating ‘side effects’. In

addition, alcohol is effective in reducing essential tremor in

patients (Klebe et al., 2005; Lorenz and Deuschl, 2007), and

therefore alcohol-mimetic compounds might be useful as

antitremor medications.

As mentioned above, there are a number of expected

efficacies (anxiolysis, sedation, anticonvulsive and anti-

depressive) that might make drugs that mimic alcohol

effects useful. Whether such drugs could ever replace alcohol

for recreational use, not only will depend on the safety and

efficacy of such potential drugs, but also if authorities, such

as the EMEA (European Medicines Agency) or FDA (US Food

and Drug Administration), would approve such drugs.

Clearly, there are, besides issues of pharmacology and drug

development, a number of psychosocial, legal and moral

issues. Perhaps the most likely scenario is that alcohol-

mimetic compounds would be developed for indications,

such as tremor, anxiety or as anticonvulsant drugs. Once

such drugs are established as safe and efficacious, and their

addictive potential can be evaluated, maybe then societies

can consider them as potentially healthier alternatives to

‘good old booze’ and make them, like alcohol, available for

recreational purposes.

Summary

Given the simple structure and the high concentrations of

EtOH that are needed for intoxication, it is not surprising

that no single molecular mechanism can explain all the

pleiotropic effects that alcohol consumption has on the

human body. In fact, many toxic effects of alcohol on our

body are actually not mediated by alcohol itself but by

alcohol metabolism and alcohol metabolites such as

acetaldehyde. In this review, we suggest that acute alcohol

effects in mammals should be separated into effects that are

reversed by particular types of imidazobenzodiazepine

alcohol antagonists (Ro15-4513, RY023, RY024 and RY080)
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and those that cannot be reversed by alcohol antagonists.

Alcohol effects reversed by the imidazobenzodiazepine

alcohol antagonist are likely mediated through subtypes of

GABAARs such as a4/6b3d receptors, whereas Ro15-4513-

insensitive alcohol actions apparently involve a number of

different alcohol targets, which may include GABAARs.

Finally, we discuss the usefulness of novel alcohol anta-

gonists as well as alcohol mimetics that could specifically

target EtOH/Ro15-4513-sensitive GABAARs, and how these

could be used to develop novel drugs with unique anxiolytic,

sedative and anticonvulsive properties as well as potential

treatments of alcohol abuse and alcoholism.
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